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E-mail address: tomze@fea.unicamp.br (A.J.A. MeirThe ﬂash points (FPs) of some pure fatty acid ethyl esters (FAEEs) and their mixtures with ethanol were
measured in the present study. An empirical model to predict the FPs of pure FAEEs as a function of the
number of carbon atoms and double bonds of the fatty acid residue chain was adjusted and the predictive
equation agrees well with the experimental data (R2 = 0.9753). NRTL parameters for the binary interac-
tion between the components of the ethanol + FAEE systems were also adjusted assuming that they
can be expressed as a function of the number of carbon atoms and double bonds of the fatty acid residue.
Assuming that the interactions between FAEEs are ideal, the prior approach was tested for predicting the
FPs of FAEE + ethanol multicomponent mixtures, i.e. mixtures similar to those found in all the stages of
the ethylic biodiesel production process. The model was able to predict the experimental FP for different
compositions of the palm oil biodiesel + ethanol system with minimal deviations.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Currently, biodiesel is an important alternative to conventional
fossil-based diesel fuel. This biofuel is considered an environmen-
tally friendly fuel, since it is nontoxic, and has low emission pro-
ﬁles compared to petroleum diesel and negligible sulfur content,
and furthermore, offers many important technical advantages over
petrodiesel, such as its inherent lubricity, higher ﬂash point and
biodegradability [1–3].
Biodiesel is obtained by transesteriﬁcation of fatty feedstocks
with short-chain alcohols, usually methanol or ethanol, resulting
in the conversion of triacylglycerols into mono-alkyl esters of
long-chain fatty acids [1]. Therefore, properties of the biodiesel
produced are dependent on the characteristics of the raw material
and also the alcohol used in the reaction. In contrast to methanol,
usually obtained from fossil sources, bioethanol is a renewable
alcohol [4]. However, the production of ethyl biodiesel has not
yet been sufﬁciently developed for efﬁcient use on an industrial
scale. As well, information on the physicochemical properties
required to improve this process is still scarce in the open litera-
ture. For instance, data on the liquid–liquid and vapor–liquid equi-
libria of mixtures in the puriﬁcation and reaction steps of ethyl
biodiesel production have only recently been published [5–7].
One of the most important physicochemical properties for
establishing the potential for ﬁre and explosion of a hazardouslsevier OA license. 
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elles).material such as a fuel is its ﬂash point (FP). The FP is related to
the vapor pressure of a ﬂammable liquid and is deﬁned as the low-
est temperature at which it can form a combustible mixture with
air [8]. As temperature increases, the vapor pressure increases
and the amount of evaporated ﬂammable liquid in equilibrium
with the air also increases. When the FP is reached, a simple igni-
tion source is able to combust the mixture [9]. Experimental FP
data have clearly become important in ensuring safe storage of
ﬂammable materials, and for this reason a series of studies for pre-
dicting the FP of pure substances and their mixtures can be
encountered in the literature [9–16]. Flash point data on different
biodiesels reported in the literature [3,17–20] show values signiﬁ-
cantly higher than those obtained for conventional diesel. Flash
point does not directly affect biofuel combustion, but a higher FP
makes biodiesel safer for storage, handling and transportation
[21]. On the other hand, the low vapor pressure of biodiesel com-
ponents can cause ignition delay and some combustion problems
[19].
Biodiesel production around the world is based on the metha-
nolic route, and thus is dependent on a nonrenewable alcohol
source. The use of ethanol, a renewable alcohol, results in a biofuel
with more attractive properties, such as a higher speciﬁc energy, a
higher cetane index, better lubricity and enhanced cold ﬂow
behavior [22,23]. Mixtures of biodiesel and ethanol are encoun-
tered along the biodiesel production process and information on
their FPs is important for safety purposes in industrial plants.
The aim of this work was to measure the FPs of binary mixtures
of FAEEswith ethanol, to correlate this data using a thermodynamic
approach and to test this approach to predicting FP values of
multicomponentmixtures containing ethylic biodiesel and ethanol.
Table 1
NRTL model for activity coefﬁcient of multicomponent mixtures.
Name ln ci
NRTL
ln ci ¼
PN
j
sjiGjixjPN
j
Gjixj
þPNj xjGijPN
k
Gkjxk
sij 
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k
xkskjGkjPN
k
xkGkj
 
where DGij ¼ expðaijsijÞ and sij ¼ DgijRT
320 N.D.D. Carareto et al. / Fuel 96 (2012) 319–3262. Mathematical model for predicting the ﬂash points of
miscible mixtures
Le Chatelier’s rule [24] for a ﬂammable mixture of vapor + air
can be expressed as
1 ¼
X
i
yi
LFLi
ð1Þ
where yi is the vapor phase composition of a ﬂammable substance i
and LFLi is the lower ﬂammable limit of the pure component i. The
LFLi is expressed in relation to the pure component i vapor pressure
at its FP, Psati;FP , as
LFLi ¼
Psati;FP
P
ð2Þ
where P in the equation above represents the ambient pressure.
The FP of a pure substance is measured at atmospheric pressure.
Under this condition the vapor phase usually exhibits an ideal
behavior. In the case of a liquid mixture containing ﬂammable sub-
stances in the presence of the noncondensable components of air,
the vapor–liquid equilibrium of component i is given by
yiP ¼ xiciPsati ð3Þ
where ci is the liquid phase activity coefﬁcient.
As proposed by Liaw et al. [12], the substitution of Eqs. (2) and
(3) into Eq. (1) results in Eq. (4), which allows evaluation of FPs for
a ﬂammable liquid mixture:
1 ¼
X
i
xiciP
sat
i
Psati;FP
ð4Þ
The vapor pressure for a pure substance is a function of temper-
ature and can be estimated by the Antoine equation:
log10P
sat
i ¼ Ai 
Bi
T þ Ci ð5Þ
Although the Antoine constants (Ai, Bi and Ci) are well-deﬁned
for ethanol, there is no information in the literature regarding
these constants for FAEEs within the temperature range of interest.
For this reason a predictive model, based on a group contribution
method [25] specially developed for fatty components, was em-
ployed for estimating the FAEE vapor pressures.
For an ideal liquid mixture the activity coefﬁcients of all compo-
nents are equal to one, so Eq. (4) can be reduced to a simpler form.
This assumption may be reasonable for mixtures whose compo-
nents have the same functional group and similar molecular sizes,
for instance biodiesel mixtures of methyl or ethyl esters. In the
case of mixtures containing ethanol and biodiesel components
the non-idealities of the liquid phase must be considered and the
activity coefﬁcients estimated using molecular models, such as
the Margules, NRTL, Wilson or UNIQUAC equations [9–16,26] or
a group contribution approach, such as the UNIFAC [27] method.
Binary interaction parameters of these models are typically ob-
tained from vapor–liquid (VLE) or liquid–liquid (LLE) equilibrium
data. Results reported in the literature show that these parameters
from LLE and VLE data can predict the FPs of miscible or partially
miscible mixtures with good accuracy [9–16,26].
Unfortunately, in the case of FAEE + ethanol mixtures no VLE or
LLE data and consequently no interaction parameters were avail-
able in the literature for the temperature and pressure conditions
used in the present work. To make up for this lack of data, the FP
data measured in the present work was used for adjusting the bin-
ary interaction parameters of the NRTL model (see Table 1), as
already proposed by Noorollahy et al. [28] for different binary mix-
tures. The algorithm for obtaining the binary interaction parame-
ters for NRTL equation from FP experimental data is depicted inFig. 1. The NRTL model allows the extension of equilibrium calcu-
lations from binary to multicomponent systems, so the interaction
parameters obtained can be used for predicting the FPs of multi-
component mixtures, such as those containing biodiesel and etha-
nol. In the present study, this type of prediction was tested using
FP data for ethylic solutions of palm oil biodiesel.
3. Materials and methods
3.1. Materials
The FAEEs were purchased from Tecnosyn (Brazil) or Sigma–
Aldrich (Germany) and the ethanol was supplied by Synth (Brazil).
All reagents were used without further puriﬁcation. Purity of the
FAEEs was determined by gas chromatographic analysis
(Table 2). The ethyl oleate and ethyl linoleate used are technical
grade reactants and their compositions are given in Table 3. Palm
oil was kindly supplied by Agropalma (Companhia Reﬁnadora da
Amazônia, Brazil). Sodium hydroxide was purchased from Carlo
Erba Reagents (Italy). Acetic acid and sodium sulfate were pur-
chased from Ecibra (Brazil).
3.2. Biodiesel synthesis
The transesteriﬁcation reaction was performed using one part
vegetable oil and six parts ethanol, both in moles, and an amount
of catalyst (sodium hydroxide) corresponding to 1% of the oil mass.
This mixture was stirred for 3 h at a temperature near 60 C. After
the reaction, acetic acid was added to neutralize the sodium
hydroxide and then the mixture was transferred to a separation
funnel in order to separate the ester phase (less dense) from the
glycerol phase. The upper fraction was washed ﬁve times with
aqueous ethanol solutions, increasing the water content of these
solutions in each step. The ﬁnal wash was performed using pure
water. This sequence of washing procedures allowed for elimina-
tion of glycerol and catalyst residues. The ester phase was dehy-
drated by percolation through a bed of sodium sulfate crystals.
Afterwards, the biodiesel was heated to 80 C in a rotaevaporator
under vacuum in order to complete the drying process and elimi-
nate the residual alcohol.
3.3. Flash point measurements
In this study, a closed-cup analyzer (ISL, model FP93 5G2,
France) was used to measure the FPs of pure FAEEs and their binary
mixtures with different ethanol compositions. The equipment was
operated according to the standard test method ASTM D93 A, by
which the equipment heated the liquid sample under constant stir-
ring at a steady rate of 5–6 C/min and the FP was determined
using an igniter at speciﬁed temperature intervals.
4. Results and discussion
4.1. Flash points of pure substances
The measured FPs of the pure FAEEs and ethanol are listed in
Table 2. Measurements were performed at least in triplicate for
all reactants and show standard deviations within the range of
Flash point of pure 
components, TFP,i
Assume binary
interaction parameters
(Aij , B0,ij, B1,ij, C0,ij and C1,ij)
Molecular structure of FAEEs 
(nC and nC=C), experimental FP 
of ethanol + FAEEs mixtures 
(T FP) for different 
compositions (xi).
Calculate Pi, FP
sat
Is Eq. 4 
satisfied?  
Print adjusted binary interaction 
parameters ( Aij, B0,ij, B1,ij, C0,ij and C1,ij )
Yes
Adjust new values of 
binary interaction 
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Is the OF (Eq. 9) 
minimized?
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Calculate P i  and γ i
for xi and TFP
sat
Fig. 1. Procedure for adjustment of NRTL binary interaction parameters of a ﬂammable mixture using FP experimental data.
Table 2
Flash points of pure ethanol and FAEEs measured in this study.
Component (CAS number) Fatty chain (Cx:ya) Molar mass FP (K) Purity (w/w) Supplier
Ethanol (64-17-5) – 46.0684 287 ± 1 0.995b Synth
Ethyl caproate (123-66-0) C6:0 144.2114 330.7 ± 0.5 0.980c Tecnosyn
Ethyl caprylate (106-32-1) C8:0 172.2646 361.0 ± 1 0.998b Sigma–Aldrich
Ethyl caprate (110-38-3) C10:0 200.3178 387.6 ± 0.6 0.998b Sigma–Aldrich
Ethyl laurate (106-33-2) C12:0 228.3709 400.0 ± 1 0.992c Tecnosyn
Ethyl myristate (124-06-1) C14:0 256.4241 424.0 ± 2 0.995c Tecnosyn
Ethyl palmitate (628-97-7) C16:0 284.4772 434.0 ± 2 0.984c Tecnosyn
Ethyl stearate (111-61-5) C18:0 312.5304 464.0 ± 2 0.979 b Sigma–Aldrich
Ethyl oleate (111-62-6) C18:1 Technical grade 427.0 ± 3 0.782c Tecnosyn
310.5145 432d ± 6e – –
Ethyl linoleate (544-35-4) C18:2 Technical grade 429.0 ± 3 0.727c Sigma–Aldrich
308.4986 428d ± 6e – –
a In Cx:y, x = number of carbons in the fatty chain and y = number of double bonds.
b According to the supplier.
c Measured by gas chromatography analysis.
d Calculated as an ideal mixtures.
e Estimated by error propagation.
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(ethyl oleate and ethyl linoleate) the FP standard deviations are
larger than the FP standard deviations of the pure substances. This
can be attributed to the presence of signiﬁcant amounts of minor
components, which contributes to the dispersion of the experi-
mental values. The coefﬁcients of variation for these measure-
ments are within the range of 0.7–0.15%, a range of values
similar to those observed for FP data already reported in the liter-
ature [14,15]. No FP data for pure FAEEs were found in the litera-
ture, so a comparison between experimental values from
different sources was not possible. Taking experimental uncertain-
ties into account, the ethanol FP measured in the present work is in
very good agreement with values published in the literature,
where reported values are either 286 or 287 K [14,29].
In the case of the ethyl oleate and ethyl linoleate, which are tech-
nical grade reactants, the measured data represent FP values of two
mixtures of FAEEs and not the values of the pure reactants. Since the
compositions of the technical reactants are known, the FP values of
pure ethyl oleate and linoleate can be estimated using Eq. (4). Forthis purpose, both compositions were normalized in terms of the
FAEEs listed in Table 2, indicating that for this estimation the pres-
ence of some minor components, for instance ethyl elaidate in the
case of the commercial ethyl oleate or ethyl pentadecanoate in the
case of the commercial ethyl linoleate, was not considered. Further-
more, themixturewas considerated ideal (ci = 1). The assumption of
ideal behavior has proved to be a good basis for predicting themelt-
ing points of binary FAEE mixtures [30]. A similar behavior can also
be observed in the case of vapor–liquid equilibrium of FAEE mix-
tures, however only as an approximation [31]. Silva et al. [31] mea-
sured VLE data for binary systems containing ethyl palmitate, ethyl
oleate and ethyl linoleate within the temperature range of 502–
538 K. Predictions of the boiling temperatures based on the ideal
solution hypothesis resulted in standard deviations between exper-
imental and calculated values within the range of 0.5–1.1 K, values
slightly higher than those reported by the authors when the activity
coefﬁcients were calculated using the NRTL model (0.35–0.82 K).
Based on the experimental data for saturated esters and esti-
mated values for pure unsaturated esters (Table 2), the FPs of
Table 3
Composition of technical grade ethyl oleate and ethyl linoleate.
FAEE Fatty chain (Cx:y) Percentage (% w/w)
Ethyl oleate Ethyl linoleate
Ethyl caprylate C8:00 0.04 –
Ethyl caprate C10:0 1.23 –
Ethyl laurate C12:0 2.80 –
Ethyl myristate C14:0 0.08 0.09
Ethyl pentadecanoate C15:0 – 0.04
Ethyl palmitate C16:0 4.45 7.20
Ethyl palmitoleate C16:1 0.03 0.10
Ethyl n-heptadecanoate C17:0 0.13 0.09
Ethyl stearate C18:0 2.10 2.59
Ethyl elaidate C18:1 0.80 –
Ethyl oleate C18:1 78.16 14.08
Trans ethyl linoleate C18:2 0.55 2.03
Ethyl linoleate C18:2 8.70 72.67
Ethyl linolenate C18:3 0.32 0.42
Ethyl arachidate C20:0 0.21 0.34
Ethyl eicosenoate C20:1 0.40 0.16
Ethyl behenate C22:0 – 0.11
Ethyl lignocerate C24:0 – 0.08
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the number of double bonds, as indicated in Fig. 2. In order to ex-
press the dependence of the FPs on the number of carbon atoms,
different mathematical functions such as exponential and logarith-
mic functions were tested, but the best results were obtained using
a quadratic function. In the case of the double bonds the limited set
of experimental data prevented the use of any function other than
linear. Thus, the dependence was well described by the relation-
ship presented in Eq. (6) below (R2 = 0.9753). With this empirical
model, the FPs of other ethyl esters, for instance ethyl pentadecan-
oate, which is an expensive reagent, can be accurately estimated.
TFP;i ðKÞ ¼ 251:2þ 13:97  nC  0:1198  n2C  19:9  nC@C ð6Þ
where TFP,i refers to the FP of component i, nC stands for the number
of carbons atoms in the fatty acid residue chain and nC@C represents
the number of double bonds. The inﬂuence of the number of carbon
atoms was well represented as a quadratic function, while the inﬂu-
ence of the double bonds was assumed to be linear due to the scar-
city of data available.
As indicated in Fig. 2a and Eq. (6), the FPs of ethyl fatty esters
increase with the carbon chain length and decrease with the num-
ber of unsaturations. This behavior reﬂects the fact that volatilities
of fatty compounds decrease with the carbon chain length and in-
crease with the number of double bonds, as indicated by known6 8 10 12 14 16 18
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Fig. 2. Flash points of FAEE. (a) (h) Experimental data as a function of the number of carb
bonds for C18:0, C18:1 and C18:2 ethyl esters; (—) represents the empirical model; (b)group contribution approaches to estimating their vapor pressures
[25,32,33]. The root mean square deviation (RMSD) between exper-
imental data and the empirical model was estimated according to
Eq. (7) below and is 6.5 K. As can be seen in Fig. 2b, there is good
agreement between experimental and calculated values. Note that
the FP values vary from 330 to 464 K (see Table 2), so a deviation of
6.5 K is not greater than 2%. If ones analyzes only the case of satu-
rated ethyl esters (nC@C = 0), the proposed equation (Eq. (6)) exhib-
its a better correlation with the experimental data (R2 = 0.9853)
with a RMDS of 5.1 K.
RMSD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXm
k¼1
ðTexpFP;k  TmodFP;k Þ2
m
 !vuut ð7Þ
where m is the total number of experimental measurements and
the superscripts exp and mod stand for experimental and calculated
values.4.2. Flash points of mixtures containing FAEEs and ethanol
Flash points for the mixtures of ethanol (1) + FAEEs (2) (ethyl
caproate, ethyl laurate, ethyl myristate, ethyl palmitate, ethyl ole-
ate or ethyl linoleate) are presented in Table 4 and Figs. 3 and 4.
These data show standard deviations within the range of 0.5–
1.2 K, with the lesser values occurring for the lower FPs, so the
coefﬁcients of variation are within the range of 0.4–0.2%, also sim-
ilar to those observed for FP data on the pure reactants.
Except for ethyl palmitate, all ethyl esters used in the mixtures
investigated in this work have melting points below the FP of pure
ethanol, so FP measurements could be performed for the entire
range of compositions. In the case of ethyl palmitate, the composi-
tion interval studied comprises only the region rich in ethyl palmi-
tate, as shown in Fig. 3d.
The differences between the FPs of pure ethyl esters and pure
ethanol are large, ranging from 43.5 to 146.6 K. This behavior is a
consequence of the also large differences in volatilities between
these components. In fact, vapor–liquid equilibrium data for etha-
nol + ethyl ester mixtures, measured at temperatures and pres-
sures close to the critical properties of ethanol (Tc = 513.9 K,
Pc = 6.15 MPa), show that the molar fractions of ethanol in the va-
por phase are very close to one for pressures lower than 6.0 MPa,
indicating that even at temperatures higher than most values used
in the present work the amount of ethyl ester in the vapor phase
remains low [34]. The boiling point of mixtures containing compo-
nents with such a large difference in volatilities usually shows the320 340 360 380 400 420 440 460
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FP predicted values versus experimental values for saturated ethyl esters.
Table 4
Flash point of binary mixture of ethanol (1) + selected FAEE (2) for different
compositions.
Ethyl caprate Ethyl laurate Ethyl myristate
x1 T (K) x1 T (K) x1 T (K)
1.000 287.0 1.000 287.0 1.000 287.0
0.801 289.8 0.804 289.1 0.800 289.3
0.600 293.2 0.622 290.1 0.600 289.3
0.401 295.9 0.428 292.5 0.400 292.1
0.300 298.5 0.300 294.1 0.300 294.3
0.200 301.8 0.224 297.8 0.200 298.4
0.150 304.8 0.151 301.9 0.150 301.7
0.100 309.8 0.115 304.8 0.100 309.3
0.050 316.8 0.050 320.2 0.050 323.7
0.000 330.7 0.000 400.0 0.000 424.0
Ethyl palmitate Ethyl oleatea Ethyl linoleatea
x1 T (K) x1 T (K) x1 T (K)
1.000 287.0 1.000 287.0 1.000 287.0
0.150 302.5 0.800 288.2 0.600 288.8
0.125 304.2 0.600 288.9 0.345 291.9
0.100 309.1 0.400 291.3 0.200 297.9
0.075 316.2 0.300 294.9 0.111 307.4
0.050 331.8 0.200 299.5 0.060 313.9
0.025 349.9 0.150 304.5 0.000 429.0
0.000 434.0 0.100 311.3
0.050 323.9
0.000 427.0
a Technical grade reagent.
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pure heavy component the boiling temperature decreases steeply
with small increases in the concentration of the light component,
while it changes only slightly for further increases in the concen-
tration of this component. The same behavior was observed in
the case of the FP curves shown in Figs. 3 and 4. In fact, adding
small amounts of ethanol to the pure ethyl esters signiﬁcantly en-
hances the volatility of the mixture and guarantees the volatile
concentration in the gas phase required for its ignition. For this0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3. Comparison of the ﬂash point prediction curves with experimental data on th
Ethanol + ethyl caproate (d); (b) ethanol + ethyl laurate (j); (c) ethanol + ethyl myristareason the FP temperature shows a steep decrease with the ethanol
concentration in the region close to the pure heavy component. On
the other hand, in the entire ethanol-rich region the FP tempera-
tures change only slightly.
As indicated in Figs. 3 and 4, the values in the complete set of FP
experimental data for the binary mixtures are lower than those
calculated for the corresponding ideal mixtures. This indicates
the positive deviations of these mixtures from ideal behavior. In
other words, the volatilities of these mixtures are higher and their
boiling points lower than the corresponding values estimated for
an ideal mixture of the same components, which indicates that
the formation of these mixtures is associated with the predomi-
nance of repulsive interactions. Nevertheless, this effect is not
strong enough to cause FP values to be lower than the value ob-
tained for the pure light component, a behavior that can be ob-
served in the case of some mixtures composed of ethanol and
other ﬂammable substances [13,26].
Based on the experimental FP values measured in this work and
Eq. (4) above, interaction parameters for the NRTL model were ad-
justed so that the observed deviations from ideal behavior would
be taken into account. For this adjustment procedure the vapor
pressures of ethanol were calculated using the Antoine equation
with constants published in the literature [35] and shown in Table
5. Experimental vapor pressure data or Antoine constants for FAEEs
are not available in the literature for the required temperature
range. For this reason the FAEE vapor pressures were estimated
using the predictive model developed by Ceriani and Meirelles
[25] for fatty components.
The ﬁrst set of NRTL parameters obtained for the mixtures of
saturated FAEEs and ethanol indicated that the parameter values
depend on the fatty acid chain length. For this reason an equation
to express the value of the binary interaction parameters as a func-
tion of the number of carbons atoms in the fatty acid residue chain
was ﬁtted to the experimental data (Eq. (8)). An additional term
was included in this equation to take into account the effect of
the number of double bonds of unsaturated FAEEs. Since the differ-
ences between the FP of ethanol and those of pure FAEEs are large,0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 4. Comparison of the ﬂash point prediction curves with experimental data on the ethanol (1) + unsaturated FAEE mixtures (2). (—) NRTL model; (-- -) ideal curve. (a)
Ethanol + ethyl oleate (d); (b) ethanol (1) + ethyl linoleate (j).
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proposed equation. The following equation was then used for
adjusting the NRTL interaction parameters
Dgij ¼ Aij þ Bij  nC þ Cij  nC@C ð8Þ
where Bij = B0,ij + B1,ijT and C = C0,ij + C1,ijT.
The values of these parameters are provided in Table 6. In order
to adjust this set of parameters, data on the binary mixtures con-
taining saturated FAEEs as well as data on the mixtures containing
the technical grade reactants (ethyl oleate and linoleate) were
used. As explained above in the case of technical grade reagents,
only FAEEs whose FP values are given in Table 2 were considered
and ideal behavior was assumed for the interaction between
FAEEs. To adjust the values of the parameters, the following objec-
tive function (OF) was minimized (Eq. (9)) using the entire set of
experimental data given in Table 4 and the NRTL interaction
parameters calculated according to Eq. (8).
OF ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXm
i¼1
ðTexpFP;i  TmodFP;i Þ2
m
 !vuut ð9Þ
The RMSD between experimental data for the ethanol + FAEE
systems and the values calculated using the NRTL model are lower
than 2.8 K, with the exception of the ethyl palmitate + ethanol sys-
tem in which case the deviation was 5.7 K (Table 7). As mentioned
previously, the melting temperature of ethyl palmitate is higher
than the ethanol FP temperature, hindering FP determination of
FP for the complete range of molar fractions. Therefore, calculation
of the RMSD is restricted to the composition range within whichTable 5
Antoine equation’s constants for ethanol used in the FP prediction model.
Temperature range (K) A B
364.8–513.91 4.92531 1432.526
292.77–366.63 5.24677 1598.673
273.–351.70 5.37229 1670.409
Table 6
NRTL binary interaction parameters for ethanol (1) + FAEEs (2) systems (Eq. (8)).
Binary parameters
A (J/mol) B0 (J/mol)
Dg12 23.0447 123.61
Dg21 (a12 = 0.2785) 11.6195 126.98small changes in concentration cause signiﬁcant changes in the
FP and thus increase the corresponding deviations between exper-
imental and calculated values.4.3. Flash points of palm oil ethyl biodiesel and its mixtures with
ethanol
In order to evaluate the capacity of the approach described
above for predicting the FPs of mixtures containing ethylic biodie-
sel + ethanol, experimental data were obtained for mixtures con-
taining ethanol + palm oil ethyl biodiesel. The composition of the
palm oil ethyl biodiesel produced is given in Table 8. The biodiesel
is composed mainly of ethyl palmitate (41.19%) and ethyl oleate
(42.10%). It contains considerable amounts of ethyl stearate
(4.72%) and ethyl linoleate (9.14%) as well as small amounts of
ethyl myristate (0.92%) and other ethyl esters. The FPs of palm
oil biodiesel and its mixtures with ethanol were measured and
are presented in Table 9 and Fig. 5. FP values of the mixture are
similar to those observed for the binary systems measured in the
present work and to prior data reported in the literature for differ-
ent biodiesel mixtures [18–20]. The standard deviations varied
from 0.6 to 3.4 K and the corresponding coefﬁcients of variation
from 0.2% to 1.1%.
The binary interaction parameters of the NRTL model can be
used for predicting activity coefﬁcients in multicomponent sys-
tems, but this requires parameter values for all binary subsystems
that compose the multicomponent mixture. In the case of ethylic
biodiesel as well as for the technical grade ethyl oleate and linole-
ate, the ester molecules have the same functional groups andC Range used in this study (K)
61.819 T > 365
46.424 340 < T 6 365
40.191 T 6 340
B1 (J/mol K) C0 (J/mol) C1 (J/mol K)
1.0603 28.99 2.6146
0.5179 29.79 0.0896
Table 7
RMSD between experimental and calculated FP
data.
System RMSD (K)
Ethanol + ethyl caproate 0.9
Ethanol + ethyl laurate 2.4
Ethanol + ethyl miristate 0.9
Ethanol + ethyl palmitate 5.7
Ethanol + ethyl oleate 0.8
Ethanol + ethyl linoleate 2.8
Table 8
Composition of palm oil ethyl biodiesel by GC analysis.
FAEE Fatty chain (Cx:y) Percentage (% w/w)
Ethyl caproate C6:0 0.03
Ethyl caprylate C8:0 0.04
Ethyl caprate C10:0 0.06
Ethyl laurate C12:0 0.39
Ethyl myristate C14:0 0.92
Ethyl pentadecanoate C15:0 0.05
Ethyl palmitate C16:0 41.19
Ethyl palmitoleate C16:1 0.14
Ethyl heptadecanoate C17:0 0.10
Ethyl stearate C18:0 4.72
Ethyl oleate C18:1 42.10
Trans ethyl linoleate C18:2 0.18
Ethyl linoleate C18:2 9.14
Ethyl linolenate C18:3 0.22
Ethyl arachidate C20:0 0.38
Ethyl eicosenoate C20:1 0.15
Ethyl behenate C22:0 0.06
Ethyl lignocerate C24:0 0.13
Table 9
Flash points of ethanol (1) + palm oil ethylic biodiesel (2)
mixtures.
Palm oil ethyl biodiesel
x1 FP (K)
1.000 287.0
0.592 287.2
0.399 287.9
0.295 294.0
0.199 298.9
0.151 302.5
0.099 307.9
0.050 323.9
0.000 421.8
0.0 0.2 0.4 0.6 0.8 1.0
280
320
360
400
440
FP
 
(K
)
x
1
Fig. 5. Comparison of the ﬂash point prediction curves with experimental data on
the ethanol (1) + ethyl palm oil biodiesel (2) mixture. (j) Experimental data for
mixtures containing palm oil biodiesel; (—) NRTL model; (-- -) ideal curve.
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considered an ideal solution and the corresponding binary interac-
tion parameters between FAEEs are neglected. Therefore the devi-
ations from an ideal behavior of solutions containing ethanol and
biodiesel could be estimated based only on the binary interaction
parameters between each FAEE and ethanol (Eq. (8)), neglecting
the contribution to non-ideality due to interactions between
FAEEs.
Flash point values of the ethylic biodiesel + ethanol mixtures
were predicted using the composition given in Table 8 and consid-
ering Eq. (4), where the FP of the minor components were
predicted by Eq. (6) and the activity coefﬁcients for each etha-
nol–FAEE binary pair were predicted by the NRTL model with
interaction parameters given by Eq. (8). The corresponding curve
is shown in Fig. 5 and the RMSD value is equal to 3.4 K. It should
be noted that the deviation between experimental and predicted
values is larger due mainly to temperature differences between
the experimental and predicted FP values of pure palm oil biodiesel
(see Fig. 5).The proposed approach to predicting the FP of biodiesel blends
with ethanol proved to be a good alternative with low deviations in
almost the entire range of mixture compositions. Further improve-
ment of this approach requires additional FP measurements for
pure unsaturated FAEEs as well as a more precise evaluation of
the deviations from ideal behavior occasionally found in mixtures
containing only pure ethyl esters. Such an improvement may help
to diminish the slightly higher deviations observed for the compo-
sition range close to that of pure biodiesel.
5. Conclusions
Flash points of ethyl esters were measured and an empirical
model was proposed for expressing these values as a function of
the number of carbon atoms and double bonds in the fatty acid res-
idue. Flash points were also measured for binary and multicompo-
nent mixtures containing ethyl esters and ethanol. Using Eq. (4) for
calculating the FPs of mixtures, NRTL parameters were adjusted for
the interactions between esters and ethanol and expressed as a
function of the number of carbon atoms and double bonds in the
fatty acid residue. This complete set of parameters was tested in
the prediction of FP values for mixtures containing palm oil biodie-
sel + ethanol. The RMSD between experimental and calculated val-
ues was lower than 6.5 K for pure FAEEs, 5.7 K for ester + ethanol
mixtures and 3.4 K for biodiesel + ethanol mixtures.
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